The geological record contains evidence of how Earth's climate responded to periodic changes in our planet's orbit and rotation. An investigation reveals how this record can be leveraged to constrain estimates of past climate dynamics.
B uried in deep vaults of sedimentary strata lies a rich history of our planet and, to some degree, a blueprint for its future. These sedimentary records can critically inform our understanding of diverse topics 1, 2 , such as ecosystem resilience and extinction, climate change and associated planetary thresholds, and how to find fossil fuels. But reading the records is not always straightforward: solving this problem is like cracking the code of an encrypted signal. Writing in Paleoceanography, Zeebe et al. 3 demonstrate a way forward.
A well-constrained, predictable perturbation to ancient Earth's system would provide a power ful tool for cracking the code of the palaeo climate archive. By comparing the input to the system (a 'forcing' perturbation that affects climate) with the output (the sedimentary record), one could decode the fresh water environments, offering a wellcharacterized example of ecological speciation -the evolution of one species into separate species, which can occur as a by-product of adaptation to different environments.
Sticklebacks that occupy lakes differ in size, shape and diet from those found in the streams that flow into and out of those lakes. These differences (Fig. 1 ) appear in many lakestream basins 9, 10 . Such examples of parallel evolution suggest that the differences represent adaptations to living in either lakes or streams 11 . Therefore, one might expect that migrants moving from streams to lakes, or vice versa, would be outcompeted by the better-adapted residents at their destination. Moreover, it has been observed 12 that the hybrid offspring from a mating between stickle back parents from different environments have lower fitness than the residents of either parental environment. This result could imply that the exchange of genes between populations from different environments would be low, thereby moving the various resident populations down the path towards becoming separate species.
The work by Bolnick and Stutz offers a revised perspective on ecological speciation by asking whether adaptation to different environments might create a tug of war between adaptation to different habitats, which drives populations apart, and frequency-dependent selection, which holds them together. They do so by considering the fate of sticklebacks that migrate from their native habitats. Migrants face the liability of being less well adapted to the environment they migrate to, but might also gain some benefit from being a rare form that is favoured by frequency-dependent selection. The authors placed screen enclosures in lakes or streams, and introduced both lakeresident and stream-resident sticklebacks into the same cage, in a type of experiment known as a reciprocal transplant. Each enclosure contained three fish, and the researchers varied whether the resident or migrant fish was in the minority (one fish) or majority (two fish).
The fish in the minority had a 25% higher survival probability than the fish in the majority in both lake and stream habitats, regardless of the habitat from which the fish was derived. Bolnick and Stutz propose that this advantage is mediated by resource competition. Fish that reside in lakes and streams differ in their diet 10 -therefore, the fish in the minority might have more to eat than if it had been paired with another individual from its own population. The authors' results also offer a hint of frequency-dependent selection for parasite resistance. They analysed the sequence of the MHC class IIb gene, which enhances parasite resistance, in all fish, and they also measured fish parasite loads. Fish with MHC sequences that were rare in the habitat tested had lower parasite loads than those with locally common MHC genotypes.
A strange feature of the authors' results is that the stream-resident sticklebacks had higher survival rates than the lake-resident sticklebacks in both habitats. This could imply that stream-resident fish are superior and that the lake form should never arise, yet the lake form has evolved repeatedly. Bolnick and Stutz are not alone in being confronted with this conundrum. An analysis 13 of published reciprocal-transplant experiments revealed that the organisms from one environment survived better in both environments in 43% of the studies. The author of this analysis suggests that such results are a consequence of the studies not providing a complete assessment of the fitness of the two forms in both environments.
In Bolnick and Stutz's work, if lake-resident fish really are better adapted to lakes, then there must be ways in which they outperform stream-resident fish in lakes. The authors uncovered one mechanism that could tip the balance in favour of lake residents, through analysis of parasite load. Of fish that had the same version of the MHC class IIb gene, the migrants were more heavily infested with parasites than the residents, which suggests that there are some other defence-mechanism differences that aid the resident fish.
Many studies have provided examples of populations in a species adapting to different environments, and the populations becoming different from each other through the process of divergent selection. But what determines whether adaptive divergence will subsequently lead to ecological speciation? Before this report, one might have proposed a balance between the strength of divergent selection pulling populations apart and the exchange of genes between the two populations holding them together. Now, frequency-dependent selection, previously known for its role in maintaining variation in populations, has emerged as a mechanism that can hold populations together, perhaps serving like a 'glue' that limits how far different populations of a species can diverge. This insight gained by Bolnick and Stutz reveals an additional factor to consider when addressing whether divergent selection will lead to ecological speciation. ■ encryption algorithm -that is, one could determine the series of transfer functions that mathematically describe how the input signal is modified to provide the output 4 ( Fig. 1) . Once fully quantified, the transfer functions lay bare the machinery of the climate system and, more generally, that of the ancient Earth system and the range of biological, physical and chemical processes that it embodies. These transfer functions are analogous to the components of a computational model that modify the perturbation as it propagates through the climate system and sedimentary environments, passing into the long-term rock record from which assorted palaeoclimate proxies are extracted.
Periodic changes in Earth's orbit and rotation, known as the Milankovitch cycles, provide an ideal perturbation. These astronomical rhythms affect the distribution of sunlight (insolation) on Earth's surface, and can therefore influence climate with clockwork regularity, on timescales of 10,000 years to millions of years. The stratigraphic record of these cycles, combined with modelling, analytical and mathematical approaches, can thus be used to reconstruct the details of the associated transfer functions and provide insight into the mechanisms of climate change [3] [4] [5] [6] . The conceptual foundation for this type of cyclostratigraphic work was laid down in the early 1990s 5, 6 . Zeebe and colleagues' study hints at what is now possible using state-ofthe-art modelling. They focus on evaluating links between climate change and the carbon cycle during a geological interval from 61 million to 53 million years ago (the later portion of the Palaeocene epoch to the early part of the Eocene epoch). Earth was then a very different place from today, a warmer, 'greenhouse' world without massive ice sheets at the poles. We know that the current 'icehouse' world is strongly affected by astronomical perturbations to the carbon cycle, oceans and cryosphere (the portion of the Earth system that is frozen water). But how did greenhouse worlds respond to astronomical forcing?
Zeebe et al. used a simple carbon-cycle model to provide an initial assessment of the ancient climate system's response to insolation forcing, and then a more complex model (the long-term ocean-atmosphere-sediment carbon-cycle reservoir model 7 ; LOSCAR) to represent Earth-system processes more realistically, including the accumulation of sediments. This approach enabled a wide range of model parameterizations and outputs to be compared with observed palaeoclimate data, to identify those that provide an optimal fit between model and data. The authors' results highlight the sensitivity of the tropical terrestrial carbon cycle to astronomical forcing during the last greenhouse world, and reveal nonlinear responses of the climate system to insolation.
The LOSCAR model also provided quantitative estimates of the amount of carbon dioxide in the atmosphere (described by a property known as the partial pressure of CO 2 ; pCO 2 ) during the time in question, and an assessment of the oceanic carbon inventory, including the amount of oceanic acidification associated with dissolved CO 2 . The estimates of atmospheric pCO 2 are the first to be reconstructed for the Palaeocene and Eocene on timescales associated with astronomical perturbations. It's difficult to know the true uncertainties associated with these pCO 2 values, but, taken at face value, the results indicate astronomically paced variations of ±200 parts per million -about four times greater than occurred during the most-recent glacial-interglacial cycles (800,000-11,700 years ago) of the Pleistocene icehouse world 8 . This suggests that the carbon cycle of a warm world is more sensitive to astronomical influence than is that of a cooler one.
In common with most modelling exercises, Zeebe and co-workers made numerous simplifying assumptions that will require careful consideration in future work. Confirmation of the findings in more-complex Earth-system models that simulate sediment cores would provide an independent validation 9, 10 . More generally, the authors' study shows that using astronomical forcing as a perturbation to quantitatively constrain Earth-system transfer functions -through the integration of data with models that explicitly simulate the rock record and climate proxies -is a powerful approach to palaeoclimate science.
As we seek to refine this approach by adding greater model complexity and rigour, the computational challenge of cracking the palaeoclimate archive's code will become substantial. In this regard, there is a tremendous opportunity to use computational statistical procedures 6, 11 designed for integrating models with data. Taken together, refinements in climate-proxy methodologies, modelling and statistical tools will help us to make the most of the long record of our planet's history preserved in the information-rich detritus that has accumulated over the eons. ■ This article was published online on 24 May 2017. 
